The maternal temperature during seed development can significantly affect seed dormancy, germination and seedling performance. While the response of germination and seedling phenology to maternal temperatures has been well studied for annuals and conifers, very few studies focus on deciduous trees. To understand the responses of seedlings to variation in maternal temperature during seed maturation, we assessed the germination, bud phenology (bud burst, bud set) and height of full sib families in a common garden. We performed three controlled crosses between three different pairs of genotypes of European black poplar (Populus nigra) to achieve full sib families in three experiments in warm (+10°C) and cold (control) maternal environments during crossing and seed maturation. Warmer (+10°C) maternal temperatures decreased the seed germination success. The seedlings from the warmer maternal environment also displayed later bud burst and earlier bud set, but only in one out of the three crossings (Proven ♀ x Horrues ♂). Our results indicate that the maternal environment can considerably impact on seed germination and the phenological responses of even two-year old seedlings suggesting the existence of a memory of maternal temperature during seed maturation. The seedlings resulting from the colder maternal environment grew taller than those from the warmer environment during the first, but not second, growing season. Our results further our understanding of the responses of deciduous forest trees to rapid climate change, but more research is needed to better understand the mechanisms behind the observed effects of maternal warming.
A B S T R A C T
The maternal temperature during seed development can significantly affect seed dormancy, germination and seedling performance. While the response of germination and seedling phenology to maternal temperatures has been well studied for annuals and conifers, very few studies focus on deciduous trees. To understand the responses of seedlings to variation in maternal temperature during seed maturation, we assessed the germination, bud phenology (bud burst, bud set) and height of full sib families in a common garden. We performed three controlled crosses between three different pairs of genotypes of European black poplar (Populus nigra) to achieve full sib families in three experiments in warm (+10°C) and cold (control) maternal environments during crossing and seed maturation. Warmer (+10°C) maternal temperatures decreased the seed germination success. The seedlings from the warmer maternal environment also displayed later bud burst and earlier bud set, but only in one out of the three crossings (Proven ♀ x Horrues ♂). Our results indicate that the maternal environment can considerably impact on seed germination and the phenological responses of even two-year old seedlings suggesting the existence of a memory of maternal temperature during seed maturation. The seedlings resulting from the colder maternal environment grew taller than those from the warmer environment during the first, but not second, growing season. Our results further our understanding of the responses of deciduous forest trees to rapid climate change, but more research is needed to better understand the mechanisms behind the observed effects of maternal warming.
Introduction
The phenology of trees affects key forest ecosystem processes such as biomass production, carbon sequestration, plant-animal interactions and linkages with the understorey biodiversity. Leafing out (bud burst) and growth cessation and senescence (bud set) in particular are key tree phenophases at the start and end of the growing period. Many plant species advanced their spring bud burst in the last decades due to climate warming (Menzel et al., 2006; Zhang et al., 2007; Prieto et al., 2009; Yu et al., 2010) . However, the response to increasing temperature varies among species and among genotypes within species (Hedhly et al., 2009; Vitasse et al., 2009; Yu et al., 2010; Fu et al., 2013) . Recent findings indicate that the phenology of plants is not only controlled by environmental cues and genetic factors, but also the maternal environment during seed development may determine the phenology of progenies (Yakovlev et al., 2012; Cendán et al., 2013; Latzel et al., 2014; Penfield and MacGregor, 2017) .
The temperature of the maternal environment during seed production plays a significant role and can alter the germination success, phenology, establishment and fitness of the progenies (Roach and Wulff, 1987; Fenner, 1991; Hedhly et al., 2007; Rix et al., 2012; Cendán et al., 2013; Chen et al., 2014; Lemke et al., 2015; Gruwez et al., 2016; Penfield and MacGregor, 2017 ). Yet, the effect of the maternal temperature during seed production on seed germination, seedling performance and phenology is complex. Whereas we know quite well how germination, growth, flowering and yield in annual crops and fruit trees are affected, very few studies focus on forest trees (El-Keblawy et al., 1996; Greenwood and Hutchison, 1996; Owens et al., 2001; Johnsen et al., 2005; Hedhly et al., 2009; Rix et al., 2012) . Annual plants have relatively short life cycles. This provides them with the opportunity to adapt faster to a changing environment through natural selection while trees are limited in this respect as generation times are much longer. Trees generally only flower and fruit after 5-20 yrs, which can be longer in forest stands (up to 50 years for some species) (den Ouden et al., 2010) . Thus, it is likely that contrasting strategies exist between annuals and trees to adapt to a rapidly changing environment.
Variation in maternal temperature during seed development first affects seed dormancy and germination and later the phenology and growth of the seedlings (Roach and Wulff, 1987; Greenwood and Hutchison, 1996; Chen et al., 2014; Penfield and MacGregor, 2017) . Maternal effects on the seedlings can occur also via direct transmission of cytoplasmic DNA (Roach and Wulff, 1987) . Other maternal effects can also originate via the endosperm (Roach and Wulff, 1987) . The endosperm contains enzymes that are important for germination and that provide nutrients to the developing embryo (Roach and Wulff, 1987) . A zygote may inherit epigenetic states from the mother plant which are affected by temperature in the tissues of the seed (Penfield and MacGregor, 2017) . In Arabidopsis thaliana, it has been shown that seed dormancy and germination is controlled via a long-term temperature memory, which is established before seed fertilization and is integrated in the tissue of the fruit (silique) (Chen et al., 2014) . There are also interactions between the maternal and zygotic environment that influence embryo development and seed germination (Evans and Kermicle, 2001; Penfield and MacGregor, 2017) . Germination of seeds then links the pathway from mother plant to offspring.
In conifers, it has been shown that the phenology is affected by the so-called adaptive epigenetic memory, the memory from the time of embryo development and seed maturation. These effects are known to persist for up to 20 years after germination (Yakovlev et al., 2012) . Johnsen et al. (2005) reported that warmer maternal environments during embryogenesis delay the formation of terminal buds of the next generation in Norway spruce (Picea abies) through epigenetic variation, a change in gene expression without any change in DNA structure. Greenwood and Hutchinson (1996) also observed similar epigenetic effects on the growth (height) induced by maternal temperature in Larix spp. However, many differences exist between gymnosperms and angiosperms in their life cycle, megasporangium structure and seed development (Yakovlev et al., 2012) . Considering their contrasting life histories and ecology, we can question whether the performance (germination and height) and phenological responses of broadleaves to the maternal temperature would display similar responses as conifers or not.
To understand the responses of tree seedlings to the maternal temperature during seed development and maturation, we here assessed the phenological responses (bud burst and bud set) and performance (germination and growth) of seedlings of black poplar (Populus nigra). Poplar is a dioecious species providing the opportunity to perform controlled crosses in specific environmental conditions, enabling us to study of the response of full-sib families to environmental variation, and eliminating the potential variation caused by genetic diversity. Since the prevailing maternal environment during embryogenesis and seed maturation may influence the performance of the progenies, application of different temperatures during crossing and seed maturation may result in deviating phenological responses and performance in the progenies (seedlings). To assess the response of full-sib families to temperature, we performed controlled crosses in warm (+10°C, W) and cold (control, C) maternal environments. Following these different temperature treatments during seed maturation, we sowed all the seeds in a common garden and assessed the performance of the resulting seedlings.
We hypothesised that (i) seed germination success of poplar seeds depends on the maternal environment during seed development, (ii) the seedlings of black poplar generated from the seeds of warmer maternal environments will display earlier bud burst and later bud set, (iii) the height of the seedlings will vary due to the variation in timing of bud burst and bud set.
Materials and methods

Study species
European black poplar (Populus nigra) is a keystone species of riparian ecosystems in Europe. It has a wide distribution in Europe and is found in northern Africa and central and western Asia as well (Vanden Broeck, 2003) . Black poplar is an important species for the breeding program of hybrid poplar clones in western Europe, that are planted for wood and biomass production, windbreaks, and soil protection (Vanden Broeck, 2004; Vanden-Broeck et al., 2012) . In Europe, the hybrid poplar plantations cover circa 800,000 ha and among them, nearly 50% are for industrial production of round wood; 12% are for environmental protection such as windbreaks, to control soil erosion (FAO, 2012).
Crosses
In two succeeding years, we performed crosses between three pairs of Black poplar genotypes (Proven ♀ x Horrues ♂ -Cross 1, Meers ♀ x Elst ♂ -Cross 2, Oosterzele ♀ x Remicourt ♂ -Cross 3, see Table 1 ) in three different experiments using grafts taken from trees that were growing in the field that were grafted on potted rootstocks in 2013 and 2014. We wanted to test whether the response of the offspring to maternal temperature would be similar across genotypes. That is why in experiment 3 during the second year, we performed crosses with the same temperature treatments but with different pairs of genotypes. The rootstocks were potted into 5L-pots using standard potting soil (Sanilor pro, . The preparation of plant materials (grafts), performance of controlled crosses and subsequent monitoring were done at the Institute of Forest and Nature (INBO), Geraardsbergen, Belgium (50.763°N, 3.879°E; 19.8 m above sea level). The controlled crosses and production of clonal grafts were performed following (Vanden-Broeck et al., 2012) .
Experiment 1: Cold and warm fertilization and seed maturation
In the beginning of February 2013, we produced the clonal grafts. After a couple of weeks, we performed the first controlled crosses in the greenhouse starting from 21 February between the clones Proven and Horrues (Cross 1) in warm (W) and cold (C) conditions. The mean temperature difference between warm and cold conditions was 10°C during day and night. We used two separate glasshouse compartments for the application of the warming treatments where cold and warm conditions were maintained as close as possible to 10°C and 20°C, respectively. The crosses were performed between 21 and 28 February. We collected branches bearing staminate inflorescences from the selected paternal genotypes, adult trees growing in the field (Table 1) and placed the branches in tap water baths in the same warm or cold conditions as the female plant (graft). Fresh pollen was collected in a glass jar daily from each temperature treatment and hand pollination of the female flowers was performed using a soft paintbrush (Raphaël No. 4). Black poplar pollen lose their viability quickly but can be stored at cool temperatures of 3°C. We stored pollen 3-6 days at 3°C depending on the maturity of the female flowers. Seeds developed and matured in the same conditions as pollination was performed. As soon as the seeds were mature, seeds were collected (between 17 April and 28 May 2013). We stored seeds in the fridge at 3°C until they were sown on 16 June. We sowed in total circa 3500 seeds in germination boxes (rectangular wooden boxes filled with potting soil) in a greenhouse (Supporting information Table 1 ). We assessed the total germination percentage of each germination box after completion of germination. The seedlings were transplanted in July to boxes each containing 24 seedlings. The boxes were kept in the greenhouse until December 2013 when they were transplanted in raised bed filled with sandy soil outside in a common garden at the Institute of Forest and Nature (INBO), Geraardsbergen, Belgium. The mean annual temperature and annual precipitation at the common garden were 10.13°C, 11.84°C and 11.18°C; and 843.28 mm, 836.14 mm and 736.81 mm respectively in 2013, 2014 and 2015 (Delvaux et al., 2015) . We monitored the bud set in 2014 and 2015 and bud burst of the progenies in 2015 (Supporting information Table 1 ). We measured the plant height (cm) at the end of each growing season in 2014 and 2015. We assessed the bud burst and bud set once in a week (starting in the beginning of April for bud burst and in the beginning of August for bud set) until all the progenies completed bud burst (beginning of May) and bud set (beginning of October). The bud set and bud burst were monitored by scoring each plant according to the method described in Table 2 . We always observed the buds at one third of the total height of the stem below the apical bud and gave a score of 60-80% of the buds within the same stage. The common garden was regularly irrigated and fungicide (Caddy-Cyproconazole) was applied as necessary during the growing seasons.
Experiment 2: Extra temperature treatment
In 2014, we performed the second experiment by repeating the crossing in February (graft preparation on 11 February and pollination on 23 February) between Proven and Horrues (Cross 1) (the grafts were taken from exactly the same tree as in the first experiment). In this experiment, there was one extra treatment (C » W) where we performed the crosses in a cold (control) environment and let the seeds to develop and mature in a warm (+10°C) maternal environment to disentangle the effect of maternal temperature during pollination vs. during seed maturation. Performance of controlled crosses, germination and growth of seedlings were the same as in Experiment 1. Sowing, germination and transplantation of the seedlings to different boxes in the greenhouse followed the same procedure as in the first experiment. We sowed in total circa 2100 seeds from all three treatments (Supporting information Table 1 ). We also assessed the total germination percentage in each treatment after the completion of germination in July. In 2014, we started to assess the bud set of the progenies and the assessment of the bud set were followed once per week from August onwards until all of the seedlings completed the bud set (score 0). After the completion of bud set, we transplanted the seedlings during December 2014 in a common garden (same location as Experiment 1) where we monitored the bud burst in 2015, 2016 and bud set in 2015 (Supporting information Table 1 ). We assessed the bud burst and bud set of the progenies each week by following the same visual observation as in Table 2 . We also measured the height (cm) of the seedlings after each growing season in December 2014 and 2015. We managed the site of the common garden as similar to Experiment 1.
Experiment 3: Extra genotypes
We performed the third experiment in 2014 using crosses between Meers and Elst (Cross 2) and between Oosterzele and Remicourt (Cross 3) (Table 1) following the same method and temperature treatments as described above in the second experiment. We performed hand pollination on 23 February for Cross 3 and in the beginning of March for the Cross 2 due to the late maturation of pistilate inflorescence and continued for a week. The pollen was stored in the fridge at 3°C before pollination. The temperatures during crossing, seed development and maturation, time of sowing, transplantation of the seedlings and assessment of germination percentage, bud burst and bud set were all similar to the second experiment. We sowed circa 3800 and 2050 seeds from Cross 2 and Cross 3 respectively (Supporting information Table 1 ). We monitored bud burst of the progenies in 2015 and 2016, bud set in 2014 and 2015 and we measured the height (cm) of the progenies after each growing season in December 2014 and 2015. We managed the site of the common garden similar as in Experiment 1. Bud burst data of 2016 from Cross 3 and treatment C » W were removed because more than 50% of the buds remained dormant for the entire observation period.
Statistical analysis
All statistical analyses were performed in R version 3.3.3 (R Core Team, 2017) . We used Generalised Linear Mixed-Effects models (glmer function in the lme4 package in R) and Poisson error distributions to analyse the effects of temperatures of the maternal environment during crossing, seed development and maturation on the stages of bud burst and bud set. We used plant ID as a random factor in this model to account for the repeated measurements of the same individual over time. We calculated the number of days (days) to bud burst and bud set from the starting day of observation. The start dates of observations for bud burst and set were 7 April and 13 August respectively. We analysed the effects of maternal temperatures on the number of days to bud burst and bud set using Generalised Linear models (glm function in the lme4 package in R) and Poisson error distributions. The effects of the maternal temperatures on the height (cm) of the progenies and germination percentage were analysed by linear regression models. The germination percentage was assessed for each germination box based on the number of seeds sown and number of seeds germinated; these data were then used to estimate the effect of maternal temperature on germination percentages using a linear model with Gaussian error Table 2 Description of the scoring systems of bud burst and bud set in poplar cuttings based on visual observations adapted after (Pellis et al., 2004; Rohde et al., 2011) .
Bud burst score
Description of visual evaluation 0 Dormant bud; no sign of any physiological activity 1 Buds were slightly swollen and the bud scales reddishly coloured 2
Buds were fully swollen and turned towards a rounded shape, no sign of breakage of buds 3
Buds started breaking, wet and sticky, tip of reddish shoots appeared 4
Bud burst and reddish shoots turned towards a green colour, very young leaves could be observed 5
Green leaves started growing and venation of leaf could be observed Bud set score 3
More than two rolled-up leaves 2 Last leaf (partially) rolled-up, other leaves fully stretched 1 Bud well visible, bud scales predominantly green colour, all leaves are stretched 0
Apical bud reddish-brown colour distribution. To assess the effects of changed timing of bud burst and bud set on the height of the progeny, we analysed the relationship between the height of the progenies and the score of bud burst, bud set, and the number of days to bud burst and set by using Generalised Linear models with Poisson error distributions. All analyses were similar for the three crosses in all three experiments. The number of individuals per treatment was not same in all experiments and years of observation due to mortality, bud damage due to insect attack and dormant buds (as described in Section 2.2.3) (more detail is available in Supporting information Table 1 ). To quantify the overall maternal environmental effect as well as the influence of genotypic variation and year to year variation, we performed likelihood ratio tests by including maternal temperature, genotype (Cross) and year as fixed effect in all three experiments in Generalised Linear models and compared the original with the reduced model by dropping each variable (genotype, year and maternal temperature) one by one. Model fit was assessed using chisquare tests on the log-likelihood values to compare different models.
Results
Experiment 1
Maternal warming (treatments W and C » W) resulted in lower germination success of the seeds than in the control (C) maternal environment (Table 3 , Fig. 1 ). We observed delayed bud burst and advanced bud set in seedlings of black poplar when we warmed the mother plant during crossing, seed development and maturation (Fig. 2) . However, a significant difference was observed for bud burst scores only (Table 4) .
The warmer maternal temperature had a negative effect on the height of the seedlings in both 2014 (estimate = −5.797, SE = 2.173 and p = .008) and 2015 (estimates −20.28, SE = 3.93 and p < .001). Due to the earlier bud burst and later bud set the seedlings grew also taller (Table 5) .
Experiment 2
Germination percentages of the seeds matured in a warmer maternal environment were lower than the seeds matured in a colder maternal environment (Table 3 , Fig. 1 ). The pattern of later bud burst and earlier bud set with maternal warming (W treatment: crossing, seed development and maturation in warmer environment) was similar to the same Cross 1 (Proven and Horrues) in Experiment 1 (Fig. 3 and Table 4 ). However, there were no significant effects of maternal temperature (C » W, W) on bud burst. When seeds matured in a warmer environment (W) with crossing in a cold (control) environment (treatment C » W), the resulting seedlings showed earlier bud burst. In 2015, we also found earlier bud set in the seedlings generated in the treatment of C » W compared to those that were crossed, developed and matured in the control treatment.
We observed negative effects of warmer maternal temperatures on the height of the seedlings (estimate = −5.377, SE = 1.382 and p = < .001) in the first year after germination. However, in the following year there was no significant effect of the maternal temperature on the height of the seedlings (estimate = −3.999, SE = 5.688 and p = .484). Still taller seedlings set buds later in 2014 and 2015 (Table 5) .
Experiment 3
We observed lower germination of the seeds matured in a warmer maternal environment (treatment W; C » W) for both Cross 2 and Cross 3 than in control (C) maternal environment (Table 3 , Fig. 1 ). There were no significant effects of maternal temperatures on bud burst and bud set in the progenies of both Cross 2 and Cross 3 (Fig. 4, Table 4 ). However, the seedlings of these crosses in the treatment of C » W showed comparatively earlier bud burst than other treatments (C, W), which seems to be a similar response as in Cross 1 (Figs. 3 and 4) . Unlike in Experiment 1 and 2 for Cross 1 (Proven and Horrues), here the seedlings of Cross 2 resulting from seeds produced in warmed mother trees (W treatment) displayed later bud set in both 2014 and 2015, whereas later bud set was observed in the C » W treatment for Cross 3 in 2015 (Fig. 4 and Table 4 ).
There was no significant effect of warmer maternal temperatures (W treatment) on the height of the seedlings for both Cross 2 and Cross 3. In the first year (2014), we observed negative effects of the C » W treatment on the height of the progenies for both Cross 2 (estimate = −6.703, SE = 1.07 and p = < .001) and Cross 3 (estimate = −2.492, SE = 0.895 and p = .006). This effect was not significant in the next year, however. The height of the seedlings increased due to the early bud burst and late bud set and extended growing season (Table 5) .
Effect of the maternal temperature in all experiments
The genotype, year and maternal temperature had a significant influence on the time to bud burst of the offspring as indicated by the likelihood ratio tests: the effect of genotype: deviance = −89.056, p < .001; the effect of year: deviance = −59.154, p < .001; the effect of maternal temperature: deviance = −14.018, p < .001, by removing genotype, year and temperature at a time from the null model.
We also observed that the timing of bud set varied due to the genotype (deviance = −210.98, p < .001), year (deviance = −167.72, p < .001) and maternal temperature (deviance = −19.774, p < .001), as displayed by the likelihood ratio tests.
Discussion
There was a lower seed germination success when the mother plant experienced warmer maternal temperatures during maturation of the Table 3 The effects of maternal environment (C, C » W, W) on germination percentages of the seeds in Cross 1 (Proven ♀ x Horrues ♂), Cross 2 (Meers ♀ x Elst ♂) and Cross 3 (Oosterzele ♀ x Remicourt ♂) in Experiment 1, Experiment 2 and Experiment 3. seeds than in control maternal environment. Lower germination percentages may have resulted from a changed moisture content in the seeds, improper embryo development and hormone activity. Poplar seeds are recalcitrant, meaning that if the moisture content in the seeds drops below 30-65% the viability of the seeds is lost (Baskin and Baskin, 2001) . The warmer maternal environment may have desiccated seeds more compared to the cold environment. However, the warmer maternal environment can also change the germination success substantially due to improper development of the embryo and hormonal activity via the variation in genetic or epigenetic features, which can also be controlled by protein activity. Recent studies in Arabidopsis thaliana confirmed that the environment of the mother plant plays a central role in controlling seed dormancy. The environment of the mother plants is integrated in a long term temperature memory via the Flowering Locus in the fruit tissue even before the development of the flowers, and thus before fertilization and seed development (Chen et al., 2014) . On the other hand, (Lacey and Herr, 2000) and (Zhang et al., 2012) reported increased germination by up to 35% in Plantago lanceolata and Carduus nutans as a result of post-fertilization high temperatures experienced by the zyogte. The positive effects of elevated temperatures on embryo development in Norway spruce was reported in Kvaalen and Johnsen (2008) . They found higher survival of the matured embryo after transplantation when they kept the culture at 28°C compared to 23°C and therefore they suggested that the optimal temperature requirement for maturation and production of a high quality embryo might be higher than 23°C in Norway spruce. Elevated temperatures can also negatively affect seed viability of the conifer shrub Juniperus communis due to the imterrupted growth of the pollen tube, female gametophyte and fertilization and thus failure of the embryo development (Gruwez et al., 2016) . The life cycle of black poplar is probably affected by global warming in different ways. Since we observed in this study that different genotypes responded differently to a warmer environment, there is a possibility that warming will delay the timing of pollen maturation and dispersal in genotypes with low sensitivity to temperature. The germination success of black poplar is highly dependent on moist and warm Fig. 1 . Germination percentages were higher in the control (C) maternal environment than in the warmer maternal environment (C » W and W) in all three experiments and crosses (Cross 1 = Proven ♀ x Horrues ♂, Cross 2 = Meers ♀ x Elst ♂ and Cross 3 = Oosterzele ♀ x Remicourt ♂). Each point represents the germination percentage in each germination box. There was only one germination box for the control treatment (C) in Experiment 2 and Cross 1.The dashed lines represent the mean germination across germination boxes. Fig. 2 . Effects of temperatures during crossing, seed development and maturation on bud burst (a); and bud set (b) in Cross 1 (Proven ♀ x Horrues ♂) of Populus nigra in Experiment 1. Days represents the total days needed for the bud to completely burst (reach score 5) and set (reach score 0) since the start of the observations. The start dates of observations for bud burst and set were 7 April and 13 August respectively. Error bars denote standard error (S.E.).
conditions, which is mostly maintained along rivers after flooding events (Corenblit et al., 2014) . Therefore, the predicted changes in the climatic system such as winter warming and drought in spring and summer (IPCC, 2013) might substantially affect the seed germination, seedling recruitment and early establishment of the species, which is vital stage for early successional species like black poplar.
Our results from full-sib families indicate that the maternal environment during seed maturation at least partly influenced the timing of bud set of the progenies. Full-sib families set buds earlier (in Cross 1) when the mother plant was kept in a warm (W) environment during seed maturation, underpinning that the changed phenology was due to the maternal environment rather than genetic effects. However, the perception of environmental variation could be via the mother plant, or via the developing zygote itself. Without genetic analyses, it is difficult to differentiate the effects mediated by the mother plant from the direct effects of environmental variation on the developing zygote. However, many studies on flowering time, drought tolerance, germination and disease resistance show that the maternal environment at the origin influences the responses of the offspring (Cendán et al., 2013; Vivas et al., 2013; González et al., 2017; Groot et al., 2017) . In our study, the environment of the mother tree (from where grafts were taken) might also influence the phenological response of the offspring by interacting with the environment during seed maturation. The maternal temperature during pollination (prefertilisation environment) also has additional effects on the phenological response of the seedlings, which can be compared between the treatments of W (crossing, seeds developed and matured in warmer environment) and C » W (crossing in cold (control) environment, seeds developed and matured in warmer environment). This result of our study is in line with the study of Imaizumi et al. (2017) , who showed that the photoperiod during the prereproductive and reproductive stages influences the germination behaviour of Arabidopsis thaliana. The weather experienced during earlier stages of the life cycle has been reported to influence the germination of Arabidopsis thaliana and two perennial species (Genista tinctoria and Calluna vulgaris) (Walter et al., 2016; Auge et al., 2017) .
The earlier bud set in the seedlings of Cross 1 in response to maternal warming contrasts with findings in Norway spruce by Kvaalen and Johnsen (2008) . We assume that the earlier bud set in poplar seedlings (in Cross 1) that experienced a warmer maternal temperature during seed development, may be due to the memory effects that established during seed development and persisted at least until the second year after germination. However, without a molecular study (e.g. methylation-sensitive amplified polymorphism technique) exploring the mechanisms that maintains such memory, we cannot Table 4 The effects of maternal environment on the bud burst score, bud set score and number of days to bud burst and bud set in 2014, 2015 and 2016 of the progenies of the Cross 1 (Proven ♀ x Horrues ♂), Cross 2 (Meers ♀ x Elst ♂) and Cross 3 (Oosterzele ♀ x Remicourt ♂) in Experiment 1, Experiment 2 and Experiment 3. confirm that the change in the timing for bud set in poplar's seedlings here was due to the memory effect. Slower growth of the seedlings from a warmed mother plant might have led to earlier bud set. Bud phenology in Norway spruce (Picea abies) is regulated by epigenetic mechanisms, the memory established by the temperature sum during zygotic or somatic embryogenesis (Yakovlev et al., 2012 (Yakovlev et al., , 2016 . Epigenetic memory effects mediated by maternal temperatures have also been reported in other conifers such as Picea glauca × P. engelmannii (Webber et al., 2005) and Larix spp. (Greenwood and Hutchison, 1996) and annuals such as Arabidopsis thaliana (Whittle et al., 2009 ). However, the temperature sensitivity during reproduction might differ between conifers and broadleaves because of the different reproductive system and genetic structures. Angiosperms such as poplar contain less epigenetic regulator genes than gymnosperms as Norway spruce (Yakovlev et al., 2016) ; perhaps this mechanism provides lower plasticity as well as opposite response to varying temperature condition as previously reported in some conifers. The larger genome size with expanded regulator gene families resulting from the longer evolutionary history in conifers might have caused this difference (Nystedt et al., 2013) .
Surprisingly, there were nearly no significant effects of maternal warming (treatments W and C » W) on the bud burst of the seedlings, but in general the timing to bud burst was delayed in warmer maternal environments. Delayed bud burst and earlier bud set due to warmer maternal environments could lead to a reduction in growing season length and a lower biomass production. Delaying bud burst can be a trade-off against frost damage by reducing growth. In a study on the sapling of Fagus sylvatica, the authors showed a negative correlation between frost damage and bud burst time (Gömöry and Paule, 2011) . However, the absence of a significant effect of maternal warming on bud burst suggests that the effects of maternal warming was less prominent on poplar's bud burst, probably due to the lower sensitivity to environmental cues to initiate spring growth. Nevertheless, a recent study on Norway spruce demonstrated that buds in plants originating from a cold (18°C) embryogenic environment burst almost 2 weeks earlier than those originating from a warm (28°C) embryogenic environment (Carneros et al., 2017) , most likely resulting from the epigenetic memory of temperature during embryogenesis.
Variation in phenological responses among different crosses with different genotypes in our study suggests that the sensitivity to warmer Table 5 The relationship between the height of the progenies and the scores of bud burst, bud set and number of days to bud burst, bud set from the start of observation in 2014, 2015 and 2016 of the progenies from Cross1 (Proven ♀ x Horrues ♂), Cross 2 (Meers ♀ x Elst ♂) and Cross 3 (Oosterzele ♀ x Remicourt ♂) in all three experiments. maternal temperature might differ among genotypes. In addition, we also observed through the likelihood ratio test that along with the maternal environment, genotype also significantly contribute to influence the phenological responses of the offspring. In case of Cross 2, we performed the pollination nearly two weeks later than in Cross 1 and Cross 3 due to the late maturation of the pistilate flower, which resulted in a longer day length during crossing. Sensitivity to photoperiod has been reported to be higher in species native to milder climates (that is, less than six months with an average temperature below 5°C) and bud burst of only 35% out of 173 species were reported to be sensitive to the photoperiod (Zohner et al., 2016) . Black poplar might have lower sensitivity to the photoperiod in terms of its bud burst, but on the other hand, the photoperiod in maternal environment (longer days due to the late maturation of the pistilate flower in Cross 2) may have interacted with warmer temperatures to change the sensitivity to temperature. Nevertheless, there were no significant effects of the W and C » W treatments on the timing to bud burst and set in both Cross 2 and Cross 3. Fig. 3 . Effects of temperatures during crossing, seed development and maturation on bud burst (a); and bud set (b) in Cross 1 (Proven ♀ x Horrues ♂) of Populus nigra in Experiment 2. Days represents the total days needed for the bud to completely burst (reach score 5) and set (reach score 0) since the start of the observations. The start dates of observations for bud burst and set were 7 April and 13 August respectively. Error bars denote standard error (S.E.). Fig. 4 . Effects of temperatures during crossing, seed development and maturation on bud burst (a, b) and bud set (c, d) in the progenies of Cross 2 (Meers ♀ x Elst ♂) and Cross 3 (Oosterzele ♀ x Remicourt ♂) of Populus nigra in Experiment 3, whereas a and c represent Cross 2; b and d represent Cross 3. Days means the total days needed for the bud to completely burst (reach score 5) and set (reach score 0) since the start of the observations. The start dates of observations for bud burst and set were 7 April and 13 August respectively. Error bars denote standard errors (S.E.).
Conclusion
In sum, our study will help to better understand and predict the responses of trees to rapid climate change. Our results can, for instance, be used in models predicting forest phenology in a warmer world. The sensitivity to maternal temperature and the direction of the effect of maternal warming might differ among species. Black poplar seems to be sensitive to maternal temperatures and such sensitivity varies among different genotypes, which suggests that during the selection of provenances, preparation of planting materials for regeneration and breeding programmes, we need to consider the temperature sensitivity of the species and genotypes (Sixto et al., 2016) . We here furthered our insights in the performance and phenological responses of the seedlings of a model forest tree species like Populus nigra to maternal warming. In terms of future research, our study will provide the opportunity to further explore what genetic factors regulate the phenological response of the seedlings and related factors that control the sensitivity to warmer maternal environment.
